The ink glands of four sea hare species (Aplysia californica, A. parvula, A. juliana, and Dolabrifera dolabrifera) were compared to determine where ink protein is synthesized, how it is incorporated into protein storage vesicles, and the degree of variation in the structure of the ink gland. Ink protein was synthesized in RER cells and stored in amber and white vesicles. Lack of competent RER cells in the ink gland of D. dolabrifera was correlated with the absence of ink protein. Ink protein had similar characteristics in all three Aplysia species but, again, it was absent in D. dolabrifera. Its uptake involved pinocytosis by protein vesicle cell membranes. Granulate cells showed little variation in structure among the four species, the opposite was the case for RER cells. The conversion of the red algal pigment, phycoerythrin, to phycoerythrobilin (PEB) occurs in the digestive gland but the change of PEB to aplysioviolin (APV), the form of pigment released by the ink gland, occurs in the ink gland itself by both granulate cells and pigment vesicles. The literature describes five types of vesicles based upon color and contents in the ink gland of these four species. We report only three types of vesicle: colored (purple), protein (white and amber), and transparent (includes clear vesicles).
Introduction
All species of sea hares (Gastropoda: Euopisthobranchia: Anaspidea) have an ink gland and release white ink, purple ink, both colors together, or none at all [1] [2] [3] [4] . Ink of the beststudied-ink-producing sea hare species, Aplysia californica Cooper, 1863, consists largely of two components; 65% is phycoerythrobilin (PEB), the red algal photosynthetic pigment, r-phycoerythrin, minus its low molecular mass protein [2, [5] [6] [7] [8] [9] while 35% is high molecular weight protein. Kamio et al. [10] report, however, that aplysioviolin (APV, the methylated form of PEB) and not PEB is the abundant form of purple pigment in ink. All previous studies that characterized sea hare pigments used techniques that could not distinguish between PEB and APV.
The second component of ink, the high molecular mass ink protein, is synthesized by the sea hare itself [3, 9] . This ink protein has been isolated and sequenced for several sea hares. In Aplysia californica it is called escapin due to its antipredator properties which have been demonstrated against sea anemones, spiny lobsters, and fish [2, [11] [12] [13] . In 2 Journal of Marine Biology ink, neither its pigment nor protein component; and (7) the proximate reason for color variation in the ink produced by different sea hare species.
Materials and Methods
Four sea hare species were collected from several different geographical locations (described in [3, 9, 19, 20] ). Adults of Aplysia juliana (150-200 g wet mass) from Noto Peninsula, Ishikawa Prefecture, Japan, had only white vesicles as they were feeding on their preferred diet of green algae, Ulva and Enteromorpha spp. Adults of A. parvula (1-2 g wet mass) were collected from intertidal areas near the University of Guam Marine Laboratory. Seven adults of D. dolabrifera (4 g wet mass) were collected from the bottom of several outdoor tanks at the above Marine Laboratory. Five specimens of A. californica (100-200 g wet mass) were obtained from the National Center for Research Resources Aplysia Facility, University of Miami, where they were fed the red alga, Gracilaria tikvahiae. Individuals (2-5 of each species) were anesthetized (isotonic magnesium chloride) and their ink glands removed and prepared for electron microscopy. The tissue was fixed in 2.5% glutaraldehyde in half-strength Millonig's phosphate buffer, pH 7.3, for 2 h at room temperature, postfixed in 1% OsO 4 for 1.5 h, dehydrated in an ethanol series, and embedded in LR White resin [20] . Individual amber and clear vesicles (3 of each vesicle type) of A. californica and the entire ink gland of A. juliana were isolated and fixed to prevent protein hydration. For this latter fixation 1.5% formaldehyde was added to the above fixative and the tissue then processed in a similar fashion. Ultrathin sections were stained with lead citrate and uranyl acetate and viewed with a Philips 300 electron microscope at 60 kV or a JEOL 1400 at 80 kV. Center-to-center distances between adjacent cells of the protein lattice were measured directly from negatives using an ocular micrometer. Various other measurements (caveolae per cell membrane length, tubule dimensions, and membrane thickness) were determined by digitizing photomicrographic negatives of stained thin sections and then using Image J 1.40 for Macintosh. Semithin sections (1 m) stained with Toluidine Blue provided cell characteristics for various cell types.
Results
The general ultrastructural architecture of the ink gland and the cell and vesicle types found in this gland are described below first for Aplysia californica and then for the other species of sea hares.
In A. californica the RER and granulate cell types and vesicles make up the ink gland [9] . The RER cell type is characterized by an extensive rough endoplasmic reticulum (rer) filled with filamentous material of low electron density and the presence of a nucleolus ( Table 1 ). The granulate cell type is characterized by several dense pigment storage granules, sieve areas (periodic modification of the cell membrane into complex pores, Fig. 11 , in [9] ), and the lack of a nucleolus ( Table 1) .
Prince et al. [9] found, however, that the literature on the nomenclature of the vesicles (secretory cells) in the ink gland was unclear. They proposed naming the large secretory cells surrounded by muscle, ink-release vesicles, and vesicle cell prior to its enclosure by muscle. A further modification in terminology of ink-release vesicles is appropriate based upon the current study. We propose the terms (1) vesicle, for mature, large secretory cells surrounded by muscle, regardless of contents, (2) vesicle initial, for the stage not yet fully enclosed by muscle, and (3) vesicle cell, for young vesicles totally devoid of an external muscle layer (Figure 1 ). Vesicle could be further subdivided into those that release pigment (purple vesicles), protein (amber and white vesicles) and those that release nothing and the contents are electronlucent (clear and transparent vesicles; Table 1 ).
Aplysia californica (Releases Purple Ink).
The vesicles that release purple ink are the only vesicle type described ultrastructurally. Amber and clear vesicles were imaged only by light microscopy [9] .
3.1.1. Amber Vesicles. Individual amber vesicles of A. californica prepared with only the glutaraldehyde fixative contained various-sized vacuoles filled with hydrated protein appearing as medium electron dense filamentous to particulate material (Figures 2(a) , 2(d), and 2(e)). When prepared with the glutaraldehyde/formaldehyde fixative, membrane bound, crystalline protein granules were observed within the cytoplasmic zone adjacent to the muscle wall (Figures 2(b) and 2(c)); however, large vacuoles of hydrated protein remained. The center-to-center distance between adjacent cells within the lattice of the protein crystal was 37 ± 6 nm (mean distance ± SD, = 14; Table 1 ). These small protein vacuoles appeared to fuse with the larger vacuoles that contained hydrated protein (Figure 2(e) ), the membrane of the former becoming part of the large vacuole membrane resulting in its increase in size.
Vesicle cells were characterized by (1) a large size, compared to adjacent cells; (2) a large prominent nucleus with abundant heterochromatin; (3) a dense, organelle filled cytoplasm; (4) cisternae of rough endoplasmic reticulum closely associated with the cell membrane; (5) invaginations of the vesicle cell membrane itself to form sack-like internal projections, these filled with low density material; and (6) the lack of any muscle outside of the cell membrane (Figures 1(a) , 2(a), 2(f), and 3(a)).
Ducts of amber vesicles appeared to have few microvilli on the side facing the duct lumen (Figure 3(b) ). The lumen itself was filled with medium density material (probably protein).
Clear Vesicles.
Each clear vesicle had a layer of vacuolated cytoplasm pressed against the vesicle membrane and muscle wall (Figure 4(a) ). The cytoplasmic layer was separated from an electron-lucent interior by a membrane often covered by an electron dense, amorphous layer. Vacuoles with a membrane thickness of approximately 8 nm ( = 2) were observed in the cytoplasmic area and contained stacks of sheets (Figures 4(b) and 4(c) ). Each sheet (total (1) 0.4 ± 0.2 (2) 0.2 ± 0.3 (2) 3.3 ± 0.7 (2) 2.3 ± 0.4 (2) Lattice dimensions 37 ± 6 nm (2) 46 ± 10 nm (2) 36 ± 11 nm (2) 15 ± 2 nm thickness of 4.3 nm ± 1.0 nm; mean thickness ±SD, = 32) was composed of two electron dense layers separated by an electron transparent zone.
Aplysia juliana (Releases White Ink)
. Aplysia juliana releases white ink when feeding on its preferred diet of green algae. When restricted to a diet of red algae (Porphyra sp.), however, it produces purple vesicles in addition to white vesicles [1, 3] . RER cells of Aplysia juliana were characterized by extensive rough endoplasmic reticulum (rer) whose cisternae were seldom expanded ( Figure 5 Table 1 ) caveolae per length of cell membrane and their nuclei had nucleoli.
Granulate cells had sieve areas, a nucleolus, and numerous dense granules ( Figure 5(d) ). Little intercellular space occurred between cells and vesicles of the ink gland.
White Vesicles.
Contents of mature white vesicles were stratified into two to three zones (Figure 4(d) ). The first, adjacent to the muscle wall, contained cellular organelles, vacuoles, and numerous protein crystals. A membrane separated this first layer from the next two that were characterized by decreasing densities of material. Protein crystals were not enclosed in a membrane and had a center-to-center distance of 46 ± 10 nm (mean distance ± SD; = 10; Table 1 ; Figure 4 (f)). The vesicle membrane against the enclosing muscle layer was frequently highly invaginated, forming a system of closely associated, blind, canal-like structures ( Figure 4 (e)). These canals were filled with medium density material similar to that within distended rer cisternae of RER cells.
Aplysia parvula (Releases White and Purple Ink)
. Aplysia parvula releases both white and purple ink at the same time from individual white and purple vesicles in its ink gland [2] . RER cells of A. parvula contained dense granules, as seen with the light microscope, and thus appeared similar to granulate cells at a similar magnification. Transmission electron microscopy resolved these granules as vacuoles containing numerous short, microtubule-like inclusions. These inclusions collectively gave the vacuoles the dense appearance of a granule with the light microscope (Figures 5(e) and 5(f)). The diameter of the inclusions was 32.9 nm ± 4.2 (mean diameter ± SD, = 15), wall thickness 9.43 nm ± 1.8 (mean thickness ± SD, = 10), and electron transparent core (Table 1) .
Granulate cells (not shown) appeared similar to those in A. juliana (with sieve areas, pigment granules, little rer, and a nucleolus in the nucleus, Table 1 ). RER and granulate cells filled the ink glands of A. parvula leaving scant space between them and the vesicles, a similar situation to that of A. juliana and A. californica. [9] ). Vesicle cells (not shown) had an appearance similar to that described for A. californica above.
White Vesicles.
Hydrated protein in white vesicles appeared as diffuse, thin strands of low to medium electron density dispersed among variously sized vacuoles (Figures 6(a) and 6(d), see also Figs 6C, 8A, in [9] ), similar to the appearance of hydrated protein in amber vesicles of A. californica. Membrane-enclosed protein crystals were found in the cytoplasmic layer against the muscle wall. Since a double fixative was not used for A. parvula (as for A. californica amber and clear vesicles and the ink gland of A. juliana), the protein crystals were poorly preserved and dimensions (center-to-center distance of 36 ± 11 nm; mean distance ± SD; = 11; Table 1 ) were difficult to ascertain. The cell membrane adjacent to the muscle layer was frequently invaginated to form elongate vase shaped structures that were filled with filamentous material similar to that within the protein vesicle itself (Figures 6(c)-6(e) ). This was similar to that seen in white vesicles of A. juliana.
Dolabrifera dolabrifera (Does Not Release Ink).
The ink gland of D. dolabrifera, unlike those described above, consisted largely of muscle immersed in copious collagen and connective tissue, vesicles, and few RER and granulate cells. The RER cell type was characterized by numerous, elongate, branched caveolae, infrequent rer cisternae neither inflated nor filled with filamentous material of low electron density, and nuclei without nucleoli. Granulate cells lacked dense granules [3] .
Membrane bound protein crystals with lattice dimension of 15 ± 2 nm (mean distance ± SD; = 11) were found in elongate cells beneath the epidermis covering the ink gland but not in epidermal areas covering vesicles of this gland ( Figure 7 (f); Table 1 ). The protein crystals were frequently organized in a linear array in these cells.
A second cell type was found within or just beneath the epidermal layer of cells. Each of these cells had a prominent nucleus and six or more electron dense granules, each within a vacuole (Figure 7(g) ). Each granule was separated from its membrane by an electron transparent space; the latter could be a fixation artifact. This cell type had all the hallmarks of pigment cells found below the epidermis of A. californica [21] . Pigment cells with their abundant purple pigment vacuoles are the principle source of the light, reddish-maroon skin color for mature A. californica where there are few pigmented epidermal cells [21] .
Transparent Vesicles.
Each transparent vesicle, like the clear vesicles of A. californica above, had a layer of vacuolated cytoplasm against the muscle wall and this was separated from an electron-lucent interior by a membrane against which an amorphous electron dense layer was deposited (Figures 7(c)-7(e) ). Cross-sectional views of these tubules (Figures 7(d) and 7(e) ) showed a wall (thickness of 3.7 ± 0.7 nm; mean thickness ± SD, = 6) surrounding a translucent core (4.7 ± 0.7 nm; mean diameter, SD, = 6). The wall of the tubule was composed of 7 ( = 3) subunits, 3.4 ± 0.3 nm (mean ± SD, = 11) in diameter ( Figure 7(e) ).
Discussion

Ink Gland Ultrastructure.
The ink glands of four sea hare species can be readily distinguished at the ultrastructural level based upon an array of characteristics (Table 1) . RER cells of the four species can be separated by the abundance of rer, the degree of expansion of rer cisternae, and the occurrence of a nucleolus. RER cells of A. parvula had aggregations of short microtubule-like rods that appeared with the light microscope as dense granules. But dense granules characterize the granulate cell type at the same magnification. In the granulate cell type, pigment aggregations provide this density, not aggregations of short rods (Fig. 8A , B, in [9] ). The number of caveolae per length of RER cell membrane and their shape also separated the sea hares (Table 1) . Aplysia parvula had more caveolae per cell membrane than any other sea hare. Cells from A. juliana and A. californica had approximately the same number of caveolae per unit length of cell membrane but fewer caveolae than either A. parvula or D. dolabrifera. In addition, caveolae in D. dolabrifera consisted of long tubular, frequently branched structures [3] while in all the other sea hares they were balloon shaped. (For a review of caveolae, see [3] .)
Sieve areas characterized granulate cells in all four species of sea hares. Otherwise they varied as to the presence of nucleoli (present only in A. parvula and A. juliana) and the presence of granules in the cell (absent only in D. dolabrifera, Table 1 ). One of the principal distinctions between the granulate cell type and rhogocyte cell type (for a review of these cell types, see [3] ) is the presence of a nucleolus, generally, but not always, present in the rhogocyte but absent in the granulate cell type. Several additional traits, both functional and structural, distinguish the granulate cell type of A. californica and D. dolabrifera from rhogocytes [3] . Does the presence of a nucleolus in the granulate cell type in A. parvula and A. juliana suggest that they should be considered a rhogocyte rather than a granulate cell type? This will require further careful study of these two species of sea hare.
The ink gland of three species of sea hare, A. californica, A. juliana, and A. parvula, can be separated, furthermore, from those of D. dolabrifera based upon the spacing and frequency of vesicles, granulate, and RER cells. Dolabrifera dolabrifera has few if any of these and those that occur are separated by copious fibrous connective tissue [3] while little intercellular space occurred between these components in the ink glands of the other three species of sea hare.
Ink Color and Its
Variation. Dolabrifera dolabrifera does not produce colored ink. This is not due to (1) the absence of appropriate digestive machinery, that is, rhodoplast cells, (2) the failure of rhodoplast cells to digest rhodoplasts, or (3) the absence of granulate cells and vesicles in the ink gland for pigment accumulation and storage [3, 19] . Dolabrifera dolabrifera's failure to form ink, therefore, is not due to the absence of an appropriate digestive or storage mechanism for pigment manipulation. Kamio et al. [22] found, however, that APV and not PEB was the predominant form of red pigment in ink and the ink gland; the reverse holds for the digestive gland. Perhaps PEB must be converted to APV in the digestive gland before it can be transported by the hemolymph and/or taken up by granulate cells and vesicles.
But pigment cells were found below the epidermis of the ink gland of D. dolabrifera. Pigment cells provide the light, reddish-maroon skin color for mature A. californica [21] . PEB predominates in A. californica except for the ink gland where APV is abundant [22] . Pigment cells in D. dolabrifera, ultrastructurally identical to those in A. californica, should have pigment in the form of PEB and not APV. In both A. californica and D. dolabrifera PEB must move from the digestive gland to pigment cells via the hemolymph and then is taken up by these cells.
The lack of pigment in vesicles and granulate cells of D. dolabrifera suggests that this species is not able to convert PEB to APV since ink pigment is in the form of APV [22] . The other three sea hare species do release colored ink. Their granulate cells and vesicles, therefore, are able to convert PEB to APV. The ink gland and not the digestive gland of D. dolabrifera is responsible for its lack of ink production. Variation in the color of released ink, white versus purple ink [1] , is based upon diet preference (a white ink-producing sea hare, A. juliana, consumes green algae [3] ) and not a difference in the structure of the ink gland. Individuals of A. juliana that are switched to a red algal diet also produce purple vesicles, along with the white ones that preexisted [3] . Indeed, individuals of A. parvula produce both white and purple ink [2] but Johnson suggests (unpublished data) that this is due to a ratio of nearly 1 : 1 between white and purple vesicles in its ink gland. Aplysia californica with a similar ratio of amber and purple vesicles could also produce ink of two colors but the number of purple vesicles on average ranges between four and six times more than amber ones in this sea hare (see Figs 1B, 2C , D. in [9] ). In both A. parvula and A. californica white or amber vesicles release their contents, which are then mixed as they move from the mantle cavity through the siphon [1] , the amber color being overwhelmed by purple pigment. and A. juliana and is stored in amber and white vesicles, respectively (see Section 1 for protein analysis, below for vesicle storage types, and Table 1 ). The crystal dimension of ink protein in both types of vesicle was similar in concert with their similar molecular weights and mode of action ( Table 1) . The ink protein in the white vesicles of A. parvula has yet to be chemically analyzed but is probably similar in molecular weight and biological activity to that of A. californica and A. juliana since crystal dimensions were similar for all three species (Table 1) . The protein in the ink gland of D. dolabrifera was different, however, from that in the other sea hares based upon its shorter lattice dimensions and its location in subdermal cells of the ink gland rather than in vesicles themselves (Table 1) . 
Characterization, Site of Synthesis
(a) (b) (c) (d)(e)
Synthesis.
Where is the ink protein synthesized? Prince et al. [9] and Prince and Johnson [3] suggested two sites for the synthesis of ink protein, the protein vesicles (amber and white) and/or the RER cells. Vesicles have large nuclei (also found in rhodoplast cells and cell bodies [9, 20, 23] ) but when they mature, the nucleus lacks a nucleolus [9] . Nucleoli are essential for ribosome formation and, therefore, protein synthesis [24] . In addition, the peripheral matrix of cellular material in both amber and white vesicles contains scant rer.
Furthermore, the vesicle membrane of several of these species appeared actively involved with the uptake of proteinaceous material (process described below). Amber and white vesicles do not appear, therefore, to have the apparatus for synthesis of abundant protein but do have the apparatus for its uptake and storage. The RER cell type appears to be the site of synthesis of ink protein. This is based upon an evaluation of ink gland structure in a non-ink-producing species, D. dolabrifera, compared to that in ink protein releasing sea hares, A. californica, A. juliana, and A. parvula. Even though D. dolabrifera has a competent ink gland (having all the necessary cell types for both pigment uptake and storage as well as protein synthesis and storage) it releases no ink, neither the protein nor pigment component. Regarding RER cells in D. dolabrifera compared to those in A. californica: (1) they occur in a low frequency, (2) they contain minimal rer, (3) the cisternae of rer are seldom expanded, (4) cisternae that are expanded are electron-lucent (i.e., not filled with medium electron dense material), and (5) they lack a nucleolus [3] . We show a similar contrast between the RER cells of D. dolabrifera and those of A. juliana and A. parvula, both of which release both the pigment and protein components of ink.
Why Aplysia californica Releases Ink and Dolabrifera dolabrifera Does
Not. This study, coupled with a comparative study of the digestive glands of the same species of sea hare [19] , provides the hypothesis for the ability of Aplysia spp. Several lines of evidence suggested that white and amber vesicles were essentially the same vesicle type: (1) their protein appeared to be similar (lattice dimensions were not significantly different); (2) they were ultrastructurally similar; and (3) the color difference could be due to an association of different chemical groups with the protein [25] . Since the ink protein is apparently synthesized by the RER cells and not the vesicles themselves [3, 9] this might be where the different chemical groups were attached and not added by the vesicles. We propose the term protein vesicle to include both amber and white vesicles ( Table 1) .
The structure of the ducts from amber vesicles appeared different from those from purple vesicles. Cells lining the duct from amber vesicles had few microvilli while numerous microvilli were produced by cells lining the lumen of ducts from purple vesicles (Figure 3(b) versus Fig. 6B in [9] ). (Table 1 ; a muscle wall surrounded the vesicle membrane enclosing a thin layer of vacuolated cytoplasm covered by an electron dense layer, the majority of the vesicle interior being electron-lucent). Clear vesicles are transparent in transillumination [9] and, therefore, would be transparent in appearance if not for the numerous highly colored vesicles that are adjacent to them (see Fig 1A in [3] ). Neither clear nor transparent vesicles store protein or pigment. Based upon their similar ultrastructure and appearance we suggest that the name for the clear vesicle type in A. californica be changed to transparent vesicle (Table 1) .
Other Vesicles of the
Transparent vesicles of both A. californica and D. dolabrifera contained unusual inclusions. Those of A. californica had parallel stacks of sheets; each sheet had the ultrastructural appearance of a membrane but with approximately half the thickness [24] . These stacks were located in vacuoles in cytoplasmic strands within the vesicle. Dolabrifera dolabrifera had arrays of tubes with clear cores that occurred within the interior of the vesicle. Each tube, approximately 11 nm in diameter and composed of 7 subunits, was smaller than microtubules (25 to 30 nm diameter) and nearly equivalent in diameter to intermediate filaments (8-12 nm) , but unlike intermediate filaments they had a translucent core [26, 27] . The function of both types of inclusions is unknown; neither inclusion was found in other vesicle types.
Adult sea hares have a conspicuous coloration but also have developed a full array of defense mechanism against predation, including inking [1, 28] . The maturation of these active defenses eliminates the need to be inconspicuous and perhaps this development advertises this defensive posture.
Opaline and Ink
Glands. Both opaline and ink from their respective glands are involved with antipredator defense including such mechanisms as phagomimicry, antifeedants, escape, and enhanced grooming (the latter in spiny lobsters [29] ). In addition, white ink has been frequently confused for opaline and our study found, furthermore, that both white ink and opaline consist of protein, not pigment. The protein in ink, however, is made in the RER cells surrounding the protein release vesicles (white or amber) but the release vesicle itself appears to synthesize the protein in the opaline gland (for a review of the opaline gland, see [29] ).
